The amino acid sequence of the iJ-chain of the principal haemoglobin from A. trapezia has been determined. The sequence was deduced from the sequences of tryptic peptides, which were fractionated using highperformance liquid chromatography and peptide mapping. Additional sequence data, particularly for the large tryptic peptides, was obtained from enzyme digests of both cyanogen bromide fragments and large citraconyitryptic peptides.
Introduction
In a previous paper (Como and Thompson 1 980a) the separation of the haemoglobins of the bivalve mollusc Anadara trapezia was reported. The major haemoglobin is tetrameric, of the usual (X2{32 type. Also present are two dimeric, polymorphic haemoglobins with identical chains that are different from the (X-and {3-chains of the tetrameric haemoglobin.
The amino acid sequence of the (X-chain of the tetramer has been determined (Como and Thompson 1980b) , as has that of the chain of the HbIIb dimer (Fisher et al. 1984) . In this paper, the complete amino acid sequence of the {3-chain of the tetrameric haemoglobin is presented. The peptides isolated from enzyme digests of the {3-chain and its cyanogen bromide fragments or from fragments obtained by tryptic digestion of citraconylated {3-globin have been purified and sequenced by the dansyl-Edman procedure. The sequence of the {1-chain has been compared with other Anadara spp. globin chain sequences, and the functional residues of the (Xj{32 contact sites of other tetrameric haemoglobins compared with those present in A. trapezia globin chains.
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Materials and Methods
Globin Purification
A. trapezia specimens were collected from estuarine waters in the Sydney and Gosford areas. They were bled from the pallial sinuses and the haemoglobins fractionated by gel filtration as previously described (Como and Thompson 1980a) . The a-and iJ-chains of HbI were separated by ion-exchange chromatography on DEAE-Sepharose (Como and Thompson 1980a) . The iJ-globin was S-carboxymethylated according to the method of Thompson et al. (1969) .
Fractionation of Tryptic Digests
Tryptic peptides were fractionated by high-performance liquid chromatography (HPLC) using a semipreparative, /lbondapak CI8 column developed over 60 min with a linear gradient of O' 1% (v/v) triethylaminetrifluoroacetic acid, pH 2' 5, to 70% (v/v) methanol in the starting buffer. This was followed by a 100% methanol wash. Fractions were collected manually and tubes corresponding to the largest peaks combined. After drying, the residual peptide material was further purified by peptide mapping as described by Fisher and Thompson (1979) .
Isolation of Cyanogen Bromide Fragments
S-Carboxymethyl iJ-globin (200 mg) in 5% (v/v) acetic acid (35 ml) was first reacted with thioglycollic acid, 5 ml, 50% (w/w) purified free of thiolesters (White 1960) , at 37°C for 36 h following the method of Houghten and Li (1983) , to reduce any methionine sulfoxide groups and so facilitate more efficient cleavage with cyanogen bromide (CNBr). The reduced globin was subsequently reacted, in 70% (v/v) formic acid, with twice its weight of CNBr for 16 h at room temperature. After removal of the reagents by freeze-drying, the peptide material was dissolved in 100% formic acid and loaded onto a column of Sephadex G50 equilibrated in 50% (v/v) formic acid. The fractionation was monitored at 280 nm and the effluent divided into six pools from which fragments were recovered by freeze-drying. The fragments in the lowest molecular weight fraction were purified by peptide mapping. The larger molecular weight fractions were digested with chymotrypsin and the peptides were purified by peptide mapping.
Isolation of Fragments after Arginyl-bond-specijic Trypsin Cleavage
iJ-Globin was citraconylated according to the method of Henschen and Lottspeich (1975) . The citraconylated globin was digested with trypsin for 3 h and the peptide mixture was then acidified to pH 2' 5 for 16 h, desalted by gel filtration on Sephadex G lOin 5 % (v/v) formic acid and freeze-dried. The soluble peptides were fractionated using HPLC in combination with peptide mapping as described above, the HPLC column being developed to 25% (v/v) isopropanol in the starting buffer, instead of 70% methanol.
The insoluble citraconyl-tryptic peptides were fractionated by gel-filtration on Sephadex G50 equilibrated in 50% (v/v) formic acid. The separation was monitored at 280 nm and each peak was recovered by freezedrying. The largest molecular weight fragment was digested with pepsin. The other fragments were digested with chymotrypsin with the exception of the smallest fragment, which was sequenced directly. The peptides from the digested fragments were purified by peptide mapping.
N-Terminal Determination
The iJ-globin did not give a dansyl derivative corresponding to a residue with a free a-amino group, and this was consistent with the presence of an N-terminal blocking group. A CNBr fragment, CN1, similarly did not give a dansyl derivative. After digestion of CNl with chymotrypsin, the N-terminal chymotryptic fragment was purified on a column of sulfonated polystyrene as previously described (Fisher and Thompson 1979) and its composition determined by amino acid analysis of a hydrolysate. The chymotryptic peptide was further digested with thermolysin and the smaller N-terminal peptide repurified on the sulfonated polystyrene column. The non-adsorbed fraction was examined by amino acid analysis of a hydrolysate. A portion of this fraction was subjected to hydrazinolysis and the free amino acid identified by paper ionophoresis at pH I . 8, by dansylation and by amino acid analysis. The complete sequence of the N-terminal thermolytic peptide, and the nature of the blocking group, was determined by mass spectrometry (Fisher and Thompson 1979) of its trimethylsilyl (TMS) derivative.
Peptide Isolation, Amino Acid Analysis and Sequence Determination
The methods of enzyme digestion with trypsin, chymotrypsin, thermolysin and pepsin, of peptide mapping, of amino acid analysis and of sequence determination were substantially the same as described by Air and Thompson (1969) and Fisher and Thompson (1983) .
Portions of the peptides generated were routinely hydrolysed and subjected to ionophoresis at pH I ·8 (Dreyer and Bynum 1967) for determination of the amino acid composition. A small portion of the hydrolysate was saved for quantitative amino acid analysis on a Beckman 121 M analyser (0· 5-2 nmol) if later required.
Hydrazinolysis followed the procedure of Sleigh et af. (1969) using no catalyst at 80°C for 24 h.
Results
Tryptic (Tp), chymotryptic (Ch), thermolytic (Th), peptic (Pe), citraconyl (Cit) and cyanogen bromide (CN) fragments are numbered sequentially from the N-terminal end ( Table 1) .
Terminal Residues
The blocked N-terminal chymotryptic peptide had an amino acid composition of TO.gSl.oEo.9Al.l V1.oL1.O . The smaller N-terminal peptide resulting from thermolytic digestion of the chymotryptic peptide had a composition of SI·O To.g. The hydrazinolysis product of this dipeptide was identified, by dansylation and amino acid analysis, as threonine. trapezia S-carboxymethylated ~-chain haemoglobin which had been subjected to successive digestions with chymotrypsin and thermolysin. Inset refers to the diagrammatic representation of some of the mass spectrographic split products of the peptide acetyl-Ser-Thr, which had been derivatized with Si(CH3lJ(TMS). Additional explanations of mass spectrographic peaks are also given.
Mass spectrometric evidence (Fig. 1) indicated that the peptide was blocked with an acetyl group, and had the sequence acetyl-serylthreonine. The C-terminal residue was identified, by hydrazinolysis of the S-carboxymethylated ,8-g10bin, as leucine. This agrees with the results of Furuta et al. (1977) for the ,8-chain of A. broughtonii. Tp5+6  Tp2  Tpl4  Tpl  Tp3  Tp5  Tp6  TpS  Tp17N  Tpl7C  TplO  Tp9  Tp7  Tp13  TplO+ 11  Tpll  Tp7+S  Tp15 Tp12 Tp16
Sequence Analysis
The fractionation of tryptic peptides by HPLC is shown in Fig. 2 . Because of the large number of peaks in the elution curve, no attempt was made to investigate each peak separately. Subsequent fractionation by paper techniques gave relatively pure peptides with the large peptides [Tpl (17 residues), Tp3 (23 residues), TplO (22 residues)] being insoluble and remaining at the origin. Tpl7 cleaved (chymotryptic-like activity) at tryptophan (residue 140) and its N-terminal and C-terminal peptides were recovered in different HPLC fractions. Peptides Tp3 and Tp 1 0 were both present in the same fraction and were partially separated by paper electrophoresis in 20% (v/v) formic acid followed by descending chromatography, at right-angles to the original direction of migration, with butanol-pyridine-acetic acid-water (15: 10: 3 : 12 v/v) as solvent.
The fractionation of CNBr fragments is shown in Fig. 3 . Two fragments, CN2 (6 residues) and CN3 (2 residues) were purified from the lower molecular weight fraction by peptide mapping. The larger CNBr fragments CNl (31 residues), CN4 (37 residues), CN5 (52 residues) and CN6 (23 residues) were not purified to homogeneity, but after digestion with chymotrypsin the peptides were fractionated by peptide mapping. The HPLC elution peaks of the soluble citraconyl-tryptic peptides were bulked into several fractions which were then purified further by peptide mapping in a similar manner to the tryptic peptides. The insoluble citraconyltryptic peptides were fractionated by gel filtration on G50 Sephadex. A poor separation of these peptides was obtained, most likely due to the presence of tryptophan, which has a retarding effect, in two of the peptides. Cit2 (29 residues) would be expected to separate from Cit5 (22 residues) and Cit9 (24 residues) which would probably elute together. However, both Cit2 and Cit9 contain tryptophan and so Cit2 was found in a partially resolved peak with Cit5, while Cit9 eluted separately and was identified by its N-terminal sequence. The mixed fractions containing Cit2 and Cit5 were digested with chymotrypsin and the peptides purified by peptide mapping.
The peptides used in the deduction of the primary structure of the {3-globin chain are shown in Table 1 . Peptides for which quantitative amino acid analysis figures are available are underlined with an unbroken line. These analyses and the basis for the t ---,.. 
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assignment of amide groups to particular residues are included in the supplementary data. * Acetylated Tpl was located by normal ninhydrin staining of peptide maps, probably due to a reactive amino group on the lysyl residue. Its sequence was obtained largely from peptides generated after digestion of Tpl with thermolysin, as indicated in Table 1 . Confirmatory and overlap evidence was also provided by chymotrypticpeptides from CNl.
Tp3, one of the large, insoluble tryptic peptides, sequenced only for the first five residues. Its sequence was deduced from overlapping chymotryptic peptides derived originally from cyanogen bromide fragments (CNI and 2) or citraconyl peptides (Cit2). Thermolytic peptides also provided confirmatory evidence. There was some evidence (Ch9) which indicated that the Met-Glu (residues 31-32) bond was not always cleaved. The reason for this is uncertain, but may have been due to oxidation of the methionine involved, since the peptide was obtained from a CNBr cleavage of globin which had not been reduced with thioglycollic acid.
The sequences of TplO and Tpl7 were deduced from chymotryptic, thermolytic and peptic digests. Confirmatory evidence came from digestions of CNBr and citraconyl fragments. The order of residues 149 and 150 was confirmed by isolation of the peptide Ala-Ser from a subtilopeptidase digest of CN6.
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Amino Acid Sequence of the {3-chain of Haemoglobin I
The complete amino acid sequence of the {3-chain of HbI of the tetrameric haemoglobin of A. trapezia is shown in Table 1 . Although the order of fragments can be deduced from the peptides and overlap peptides, the strong homology with the a-chain and the dimeric globins of both A. trapezia and A. broughtonii (Furuta and Kajita 1983; Fisher et al. 1984 ) makes this less essential.
A comparison of the amino acid composition expected from the sequence with that found by amino acid analysis (Como and Thompson 1980a) indicated agreement except for one extra residue of alanine and serine and one less residue of aspartic acid in the sequence to give a total of 151 residues in the chain. The amino acid analyses were repeated to see if better agreement for these values was obtained with the samples of globin used for the sequence work. Since any methionine sulfoxide in the hydrolysate can contaminate the aspartic acid peak, some samples were oxidized with performic acid before hydrolysis. After hydrolysis, the aspartic acid, serine and alanine values were 19·4,13'2 (corrected for decomposition) and 19·0 residues per mole respectively, in better agreement with the sequence data. The other amino acids were in agreement with the sequence except for glycine, which at 10·0 residues was higher than the 9·2 of the previous analyses and the 9 obtained from the sequence. No satisfactory explanation for this high glycine value can be given. Some variation in the glycine and alanine values was expected following the isolation, during peptide purification, of two chymotryptic peptides corresponding to residues 7-19. One of these had glycine N-terminal and the other alanine N-terminal and the suspected polymorphism at *Supplementary data to this paper are deposited with, and can be obtained from, the Editor-in-Chief, Editorial and Publications Service, CSIRO, P.O. Box 89, East Melbourne, Vic. 3002. The data deposited are as follows: amino acid analyses of underlined peptides; peptide maps for tryptic, chymotryptic, thermolytic, peptic and citraconyltryptic digests of S-carboxymethylated t3-globin or its fragments, peptide map for the separation of the small CNBr fragments, CN2 and CN3; peptides and their net charge or other evidence for assignment of side-chain amide and acidic groups in t3-globin. residue 7 was supported by the amino acid analyses of each peptide. When such large numbers of molluscs are used to obtain sufficient globin for sequence work, the occurrence of polymorphism in some residues is not unexpected. A rise of glycine values, however, should be accompanied by a fall in alanine, and this was not observed in the total analysis or the analysis of ,BTp 1. We have checked the analyses of smaller peptides carefully, particularly where gaps or insertions have occurred in the sequence when compared with other globin chains. No evidence for an additional glycine residue in the sequence (Table 1 ) was found.
Discussion
In Table 2 , the sequence of the ,B-chain of the tetrameric haemoglobin of A. trapezia is aligned, according to Dayhoff (1972) , with that of thea-chain of the tetramer, as well as with the sequence of the dimeric haemoglobins from both A. trapezia and A. broughtonii. Comparisons of the other three chains with the ,B-chain, including gaps, deletions or additions, revealed 53% identity of amino acid residues for each chain. There is 100% identity of residues in the F helix of all four chains. The dimeric globin of A. trapezia also shows 100% identity with the ,B-chain in the E helix, while the a-chain shows 75% identity.
The ,B-chain is 151 amino acid residues in length, which is longer than the 146 residues of mammalian ,B-chains. It is longer than mammalian a-chains (141 residues) and the dimeric chains of the haemoglobins (146 residues) of A. trapezia. The increased size of the ,B-chain derives from an extension at the N-terminal end. An extended N-terminal region has only been seen previously in lamprey globin, the a-chains of shark and A. trapezia and the dimeric globins from A. trapezia and A. broughtonii (Fisher et al. 1984 ). It has not been reported previously for any ,B-globin chain. Preliminary X-ray analysis data of haemoglobins from another mollusc, Scapharca inaequivalvis (Royer and Love, personal communication), has indicated an additional helix, pre-A, at the N-terminal end of all the chains of the S. inaequivalvis globins studied, with some 3-4 residues normally in the A helix incorporated in the pre-A helix. The extended Nterminal region of the ,B-chain of A. trapezia found in this study is consistent with the presence of this pre-A helix, particularly since the residues involved are predominantly helical-forming (Chou and Fasman 1978) .
The presence of an N-terminal blocking group has not previously been reported for a ,B-chain. Only the a-chains of the shark Heterodontus portusjacksoni (Nash et al. 1976) and A. trapezia and some myoglobins have demonstrated this feature. In vertebrates, the N-terminal amino groups of the ,B-chains are important in the binding of organophosphates. Since acetylation renders such groups unavailable in A. trapezia, and since in A. trapezia there are ,B-chain changes in all the basic residues which participate in organophosphate binding in mammalian haemoglobins, then such heterotropic ligands would be absent and the oxygen affinity of the mollusc haemoglobin molecule would be expected to be enhanced.
It is unlikely that the tetrameric haemoglobin of A. trapezia would demonstrate a Bohr effect because the ,B-chain C-terminal histidine and the ,BFG 1 aspartic acid residues involved are absent. Also the N-terminal of the a-chain, which contributes to the Bohr effect in other species, is blocked. There are changes in all the residues involved in the Bohr effect in mammals. 
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The alignment of sequences follows Dayhoff (1972) . Deletions common to the four chains, when compared with the globin chains of many species (Fisher et al. 1984), are indicated only as non-consecutive numbers in the interhelical regions and the D helix, where these deletions occur. Dots indicate identity with the (3-chain sequence.
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The iJ-chain of A. trapezia does not possess residues corresponding to a D helix. The absence of a D helix has been a characteristic of only a-chains but has previously been documented in a iJ-chain for shark (Fisher et al. 1977) . The dimeric haemoglobins of both A. trapezia and A. broughtonii also lack the D-helix residues. These observations raise some interesting questions about quaternary haemoglobin structure. In vertebrate globins, the a-chain cannot form stable tetramers, but the iJ-chain can, although these do not show cooperativity (Dickerson and Geis 1983) . The D helix was therefore thought to be important in tetramer formation, but the sequence evidence for the iJ-chain of shark or A. trapezia globin does not support this hypothesis.
Two other characteristics of the iJ-chain of vertebrate haemoglobin are the presence of histidine at NA2 and the deletion of residue A16. The iJ-chain of A. trapezia does not have a histidine residue at NA2,but it does have the deletion at A16. The dimeric globins of A. trapezia and A. broughtonii do not have either of these features. X-ray studies of haemoglobin from different species have revealed that the molecule has a highly conserved three-dimensional structure in spite of large variability in primary structure. If one assumes that the A. trapezia iJ-chain has the same tertiary structure as that of the horse, then there have been some marked changes in contact sites. There are 16 haem contact sites in horse iJ-chain (Perutz 1976) . The essential CDI Phe, E7 His and F8 His contacts have been maintained in all the globins of A. trapezia, including the iJ-chain. Most of the other contact sites are either unchanged or have been replaced with similar residues. However, some of the haem contacts have been substituted with markedly different residues and these include C7 Phe to Lys, ElO Lys to Thr, Ell Val to Leu, F7 Leu to Asn and G4 Asn to Glu. The changes at ElO, Ell and F7 are common to all the A. trapezia chains.
Of the 18 {J-chain residues involved in the al{JI contacts (Perutz 1969) , only two (GH2 Gly and GH5 Phe) are identical to those of horse haemoglobin. The al{JI contact sites are variable in different species and are unchanged during oxygenation and deoxygenation of the haemoglobin molecule.
None of the residues involved in al{J2 contact sites in horse {J-globin (Bolton and Perutz 1970) are present in the {J-chain of A. trapezia. Many of the {J-chain residues have been substituted by amino acids with quite different side-chains (see Fig. 4 ), e.g. C3 Trp to Ala and C6 Arg to Thr. Of the a-chain contact residues, two in the oxy (C6 and C7) and four in the deoxy state (C2, C5, C6 and C7) are identical to those of horse haemoglobin. Most of the other a-chain contact residues in horse haemoglobin have been substituted by quite different residues in the a-globin of A. trapezia. The contact sites FG3, HC2 and HC3 are absent. If the al{J2 contact sites involve the same residue positions in A. trapezia as in horse, then there are fewer contacts present, by virtue of the deletions occurring in both chains. It is unlikely that many of the sites involved in the al{J2 contacts in horse haemoglobin could fulfil this role in A. trapezia haemoglobin because they are markedly different. It is possible that the actual sites of contact between the unlike chains are afforded by residues in different positions to those of horse haemoglobin. Alternatively, there may be compensating changes in the complementary residues that are involved in the contacts. The understanding of these matters will be advanced when the three-dimensional structure of mollusc haemoglobins is available.
